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| INTRODUCTION
The West Indies, the islands of the Caribbean Basin, share a fascinating geological and biogeographical history that has resulted in complex distributions of terrestrial organisms (Iturralde-Vinent & MacPhee, 1999; Santiago-Valentin & Olmstead, 2004) . These islands constitute a global biodiversity hotspot (Maunder et al., 2008) , and have experienced major prehistoric (e.g. Steadman et al., 2005 Steadman et al., , 2015 and historic (Dixon, Hamilton, Pagiola, & Segnestam, 2001) human impacts on that biodiversity. Terrestrial plant communities in the West Indies include most major tropical habitats, from mangrove to cloud forest (Dinerstein et al., 1995) . The West Indian terrestrial vegetation comprises a seed plant flora with 71% endemism (Acevedo-Rodr ıguez & Strong, 2008 , 2012 , a value that increases to 77% for woody species in its dry forests (DRYFLOR et al., 2016) .
We focus on seasonally dry tropical forest (SDTF), also known as tropical dry forest. SDTF has been called the most threatened tropical forest community, both globally (Gillespie et al., 2012; Miles et al., 2006) and in the West Indies (Banda-R, Weintritt, & Pennington, 2016) , owing to its history of extensive human disturbance (Murphy & Lugo, 1986) . We define SDTF as closed-canopy tropical and subtropical forests typically found in frost-free areas characterized by low and seasonal availability of moisture, where annual rainfall is less than ca. 1800 mm with a 3-6-month dry season receiving <100 mm per month (Lugo, Medina, Trejo-Torres, & Helmer, 2006) . SDTF is distinguished from tropical savanna by its closed tree canopy and lack of fire, and from tropical rain forest, with which it shares few species, by its deciduous to semi-deciduous canopy, shorter stature, and lesser vertical complexity. SDTF is often found on fertile soils, and in the West Indies it is usually found at low elevation on the lee side of mountainous islands or in coastal zones (DRYFLOR et al., 2016) .
The tree flora of the SDTF biome in the Neotropics has a shared evolutionary and biogeographical history . In a recent study evaluating SDTF diversity across the entire Neotropics, the West Indian ("Antillean") subregion was identified as floristically distinct (DRYFLOR et al., 2016) . Subregional patterns have previously been identified in continental Neotropical SDTF (Neves, Dexter, Pennington, Bueno, & Oliveira Filho, 2015) . A better understanding of variation in SDTF species composition and its drivers within the West Indies may further identify floristically distinct subregions-patterns of diversity useful for understanding biogeographical processes and setting regional conservation targets.
An analysis of SDTF tree species composition in just three Caribbean archipelagos (Bahamas, Puerto Rico, US Virgin Islands) suggested similarity in dominant species composition across that portion of the West Indies in spite of the differences in geological history (Franklin, Ripplinger, Marcano-Vega, Freid, & Steadman, 2015) , leav- ing open the question of whether SDTF shows distinct subregional composition within the islands of the Caribbean Basin. Using data compiled from almost 600 forest inventory plots or relev es, recording over 650 woody plant taxa from 11 countries (22 individual islands) across the West Indies, we addressed the following research questions:
1. What are the patterns of tree species composition in Caribbean SDTF?
We expected that composition would be the least distinctive (would consist of a nested subset of species found elsewhere) in low elevation areas, young islands and areas at the climatic margins of the tropics (northern Bahamas, Florida), and most distinctive (greater species turnover among locations) in geologically old and complex, large islands of the Greater Antilles where 30-50% of plant species are island endemics. Nestedness is expected when there is a steep gradient in resource supply with strong environmental filtering at one end of the gradient (Chase & Leibold, 2003) and has also been attributed to dispersal limitations in archipelagos (Lomolino, 1996) .
Alternatively, a non-nested pattern dominated by turnover in species composition among all sites across space would occur if dispersal limitation, as well as speciation, was important and therefore the "local" (subregional) species pool contributed strongly to the community. This integrated time-area effect, with larger, older areas having accumulated more species (Fine & Ree, 2006) , could be manifested as distinct SDTF composition in the three subregions with different geological histories (Greater Antilles, Lesser Antilles, Bahamian Archipelago).
2. How much variation in species composition among sites (species turnover across space) is related to geographical distance among sites, environmental gradients (Austin, 1985) , or both?
Ecological communities are assembled from a regional species pool through the processes of speciation, biotic and abiotic filtering (selection), and dispersal (Vellend, 2010; Zobel, 1997) . We expected variation to be related to geographical distance if community composition has been strongly affected by dispersal limitations and speciation (island endemism) (e.g. Gillespie et al., 2013; Ibanez et al., 2018; Pennington, Lavin, & Oliveira-Filho, 2009 ), especially within large, old islands in the Greater Antilles. Alternatively, the amount of environmental variation across the study region suggests that compositional variation may also be related to environmental filtering (Franklin et al., 2013; Toledo et al., 2012) . If there is environmental filtering of a region-wide species pool, for example, for species that can tolerate a strong dry season (Markesteijn, Poorter, Bongers, Paz, & Sack, 2011) , and poor dispersal has not been a factor limiting distributions, then species composition would be weakly structured by geographical distance. Here, we pursue both research questions by synthesizing data from 23 studies of SDTF throughout the West Indies.
| MATERIALS AND METHODS

| Study area and species composition data
Caribbean SDTF occurs most often on limestone (carbonate) substrates. From a tectonic perspective, Cuba and the Bahamian Archipelago lie on the North American plate, whereas all other sampled islands lie on the Caribbean plate, which is moving eastward relative to the adjoining North and South American plates (Meschede & Frisch, 1998) . The Puerto Rico Archipelago and the Virgin Islands are found on the same microplate that moves somewhat independently (Hippolyte, Mann, & Grindlay, 2005) and they share biogeographical affinities (Acevedo-Rodr ıguez & Strong, 2008) . Complex interactions during the Cenozoic (mostly large-scale strike-slip faulting) at both the northern and southern boundaries of the Caribbean plate have deformed the diverse bedrock formations on the Greater Antillean islands (Cuba, Hispaniola, Jamaica and Puerto Rico + Virgin Islands, Keppie, 2014) . In contrast, the Bahamian islands and southern Florida are tectonically stable, geologically very young and consist exclusively of carbonate bedrock (Mylroie & Mylroie, 2013; Randazzo & Jones, 1997) . The Lesser Antillean island arc, represented in our dataset by Guadeloupe, Martinique and St. Lucia, is the result of late Cenozoic subduction of Atlantic Ocean crust at the eastern margin of the Caribbean plate (Meschede & Frisch, 1998) .
Species occurrences or abundances within sampled locations (sites) were compiled from 23 published and unpublished datasets (Table 1 ; Supporting Information Appendix S1 Table S1) spanning 11 regions-islands or archipelagos-across the West Indies (Figure 1a ).
One region is continental-the south Florida peninsula-but we will refer to islands or archipelagos for simplicity. We include data from Data were from ecological surveys or forest inventories between 1969 and 2016, and most consisted of stem diameter measurements at a standard height (1.3-1.45 m) for woody or arboreal taxa of seed plants identified to species level (in a very few cases to morphospecies, genus or family) in fixed-area plots. For multi-stemmed individuals, all stems above the diameter threshold were measured and each stem was treated as an observation in our study. Two studies recorded cover or Braun-Blanquet importance values for different height strata, and one recorded species presence/absence (Table 1) .
Plot size ranged from 28 to 1000 m 2 , with most falling between 100 and 500 m 2 . In total, measurements of almost 46,000 stems and 3,000 species-in-sites (abundance or occurrence) were compiled, and then stem diameter data were filtered to about 35,000 individuals ≥5 cm (corresponding to the largest minimum diameter in all but one of the datasets; Table S1 , Table 1 ). While we refer to tree species for simplicity in this paper, the data include palms (Arecaceae), arboreal cacti (Cactaceae) and woody taxa typically taking a shrubby form if they had at least one stem ≥5 cm in diameter.
Multivariate analyses were conducted using both species relative abundance (Importance Value calculated from averaging relative basal area and relative stem density, or from cover or Braun-Blanquet values) and the presence/absence. The results were very similar and so we emphasize results based on the presence/absence, allowing an additional dataset from Hispaniola and a total of 637 sites to be potentially included for the analysis. After sites with zero compositional Jaccard distance were eliminated (required for multivariate ordination based on a dissimilarity matrix), 572 sites remained. Most (54) of the eliminated sites were monospecific plots from the large US Forest Service's Forest Inventory and Analysis (FIA) (Gray, Brandeis, Shaw, McWilliams, & Miles, 2012) dataset for Puerto Rico and the US Virgin Islands, and their removal helped to improve the evenness of sampling across the region.
Most data were collected during the last two decades and their site locations were recorded using a hand-held global positioning system (GPS) in the field (Table S1 ). For datasets acquired in earlier decades, geographical coordinates were assigned from site maps and descriptions using Google Earth (Table S1 ). Our environmental variables consist primarily of 1-km resolution climate data that are spatially autocorrelated over long distances. For the Cuba data, only a general description of the sample location was given and these have Ruiz et al., 2005) Sites correspond to the number of sites used in the present study. # stems ≥5 cm is the number of tree stems ≥5 cm diameter at a standard height (1.3 -1.45 m) included in the present study. sXp indicated species in plot abundance or presence data (rather than individual stem measurements). FIA = data from US Forest Service Forest Inventory and Analysis (Gray et al., 2012; O'Connell et al., 2014) . For more details see Table S1 .
the lowest precision (we estimate 10 km), introducing some noise to the analysis.
| Environmental data
Bioclimatic ("Bioclim") variables (Nix & Busby, 1986 ) at 1-km spatial resolution were acquired from worldclim.org (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005) . These data only cover terrestrial areas and thus excluded the small island of Providencia, where we calculated bioclimatic variables (one value for all sites) using local climate records that featured average but not maximum and minimum monthly temperatures (Jorge Ruiz & Molano-Gonz alez, 2017).
The 19 bioclimatic variables provided by worldclim.org describe seasonal and annual averages of precipitation and averages and extremes of temperature based on long-term means of monthly values. They tend to be correlated, and a subset was initially selected based on their relevance to SDTF distribution (DRYFLOR et al., 2016; Murphy & Lugo, 1986 ) and our ability to calculate them for Providencia. We selected annual mean temperature and precipitation, mean temperature of the warmest and coldest quarters, temperature seasonality and precipitation of the wettest and driest months ( Table 2 ). These were further examined for multicollinearity, which led to precipitation of the wettest month being eliminated from some analyses ( Table 2) .
Elevation values were extracted from NASA's Shuttle Radar Topography Mission (STRM) 90-m resolution data. Elevation is considered an indirect gradient (Austin, 2002) , strongly related to temperature (via the lapse rate), and precipitation (orography), but we included it because it can serve as a proxy for finer scale climate variation than is available from the Bioclim 1-km data.
| Analyses
Hierarchical agglomerative clustering using Jaccard distance and Ward's linkage (Peet & Roberts, 2013) was applied to species presence/absence data for 572 sites and 649 taxa to identify patterns of tree species composition in Caribbean SDTF (question 1). Differences among clusters were tested using analysis of variance based on 999 permutations (PERMANOVA, Anderson, 2001) . Patterns of similarities and differences among groups identified by clustering, and their distribution with respect to environmental gradients, were visualized using indirect ordination based on non-metric multidimensional scaling (NMDS, Clarke, 1993) . Indicator species analysis (Dufrêne & Legendre, 1997) (a)). Note that in (a), at this map scale individual sites are not always visible and one symbol may represent tens of nearby sites (see Tables 1 and S2) FRANKLIN ET AL. represents an indirect gradient, and precipitation of the wettest month (Pwet, bio13) was correlated with mean annual precipitation (MAP, bio12; r = .89), we dropped these two variables from the GDM. GDM was implemented using the R package "gdm" (Manion, Lisk, Ferrier, Nieto-Lugilde, & Fitzpatrick, 2016) . We compared the variance explained by different models computed with both climate and geographical distance as predictors versus models with only climate or only geographical distances as predictors (Legendre, 2008) . We expected that less turnover of genera would reflect greater functional similarity of TDF throughout the West Indies as compared to the species-level analysis which reflects more local patterns of speciation and endemism. Multivariate community analyses were performed using the R packages 'vegan' (Oksanen et al., 2011) and labdsv (Roberts, 2012) . All analyses were done using R 3.3.3 (R Core Team, 2017) (script provided in Supporting Information Appendix S2).
| RESULTS
| Biogeography of community composition
Clustering based on Jaccard distance calculated from the presence/ absence of species, cut at a multivariate Ward's distance of 2, yielded 14 groups of sites (Figure 1b ) that were significantly different (R 2 = .41; F = 29.9; p = .001). Clusters consisted primarily of sites within archipelagos or nearby archipelagos (Figure 1; Figure 2 vs. 3; Table S2 ), although some clusters overlapped (Fig. S1 ). The most distinct was cluster 8 (most sites from Providencia). Island/ archipelago explained 30% of the variation in the community distance matrix (PERMANOVA; F = 24.2, p = .001). Table S1 .
Large Greater Antillean islands tend to be distinctive in their composition. Group 7 includes 20 of the 30 sites from Cuba, group 11 includes 12 of the 16 sites from Jamaica, and Group 9 includes 44 of 46 sites from Hispaniola, each characterized by many high indicator value species, including endemics (Table 3 ; Table S3 ). Twelve of the 20 most frequently recorded native species occurred in eight or more of the 14 groups (Table S4 ). Dry forest specialist Bursera simaruba was the most widespread species, and was often abundant (as measured by IV or stem density) or even dominant in sites where it was recorded (see also Lugo et al., 2006) . Bourreria baccata, Krugiodendron ferreum, Amyris elemifera and Eugenia axillaris also were widespread and moderately abundant (occurring in 9-12 groups, 17-26% of sites, with 0.01-0.09 average IV). Coccoloba diversifolia, Metopium toxiferum, Swietenia mahagoni and Lysiloma latisiliquum were moderately widespread and abundant (7-8 groups, 11-20% of sites, 0.09-0.16 IV; Table S4 ).
At the genus level (298 taxa in 569 sites), there was less overall turnover and greater overlap among sites from different islands or archipelagos. For example, a detrended correspondence analysis (DCA) based on species data had greater eigenvalues and axis lengths (in units of standard deviation of species turnover) than a DCA of genera. DCA axis 1 length for species data was 7.6, while for genus data it was 3.9 (eigenvalues 0.71 and 0.42 respectively). In GDM there was less total variance explained in the genus-level distance matrix (34%) than at the species level (40%), and less overlap of climate and geographical distance (27% for species, 14% for genera (Table S5) . Also, the Northern Caribbean clusters were more central to the ordination, sharing many genera with the other groups (Fig. S2 ).
Almost all variation in site environmental data (bioclimatic variables and elevation, F I G U R E 2 Sites arrayed in two dimensions based on indirect ordination, non-metric multidimensional scaling (NMDS), applied to a Jaccard distance matrix calculated from the presence/ absence of species in sites, labelled by cluster number (clustered using Ward's distance). Vector length indicates degree of correlation of environmental variables with ordination axes (bioclimatic and geographical abbreviations as in Table 2) FRANKLIN ET AL.
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Islands include higher elevation SDTF sites (Figure 3; Fig. S3 ), the highest being 884 m on the leeward side of Sierra Mart ın Garcia, Dominican Republic.
| Geographical and bioclimatic gradients
Essentially all variance in the compositional dissimilarity matrix was attributed to species turnover among sites (99.6%) rather than nested patterns of species composition in sites (Jaccard dissimilarity based on the presence/absence) by beta partitioning. Most explained variance in the dissimilarity matrix was explained by climatic dissimilarity (12%), or shared geographical distance and climate (27%) and very little by distance alone (1%; Figure 4 ). Climate was strongly geographically structured (Figure 3, Fig. S3 ). Precipitation of the driest month and average temperature of the coldest quarter were the climate variables most important in explaining variance in the dissimilarity matrix (Table 4 ).
| DISCUSSION
A recent study of SDTF throughout the Western Hemisphere placed Caribbean (Antillean) SDTF as distinct from dry forest in the continental Neotropics, characterized by a high proportion of endemic tree species (DRYFLOR et al., 2016) . We have further demonstrated intraregional patterns of species composition in West Indian dry forests, characterized by species turnover among archipelagos and islands (e.g. Franklin et al., 2013; Ibanez et al., 2018) . Turnover is correlated with climatic variation, which in turn is strongly geographically structured (T. W. Smith & Lundholm, 2010) such that most variation in climate is explained by archipelago.
Climate and climate + distance accounted for most of the (explained) variance in site compositional dissimilarity. A strong climate signal would be expected if comparing wet and seasonally dry tropical forests in the region, as has been shown globally (Guan et al., 2015) . However, our study, like Neves et al. (2015) , identified climate variation associated with SDTF variation within a Neotropical subregion. Inter-site geographical distance explains very little additional variance. In other words, nearby SDTF sites on well-sampled islands could be quite dissimilar owing to fine-scale environmental heterogeneity. Spatial vegetation heterogeneity is not uncommon in water-stressed environments including SDTF (Gerhardt & Hytteborn, 1992) , especially in karstic settings (Zhang, Hu, & Hu, 2014 While we found very little effect of distance alone on composition, suggesting that dispersal limitation is not important in shaping SDTF composition, species composition differed among archipelagos, a pattern that could be consistent with dispersal limitation (Franklin et al., 2013) . We are not able to completely isolate climate versus distance effects in our study given the strongly geographically structured climate. Antilles, and even between these northern and southeastern subregions (see also Franklin et al., 2015) . The most distinctive floristic expressions of SDTF, characterized by endemic indicator species, were found on Hispaniola, Jamaica and Cuba. Providencia, far from the other sampled islands, also supported distinct SDTF, although, as previously shown, it has greater floristic affinities with the West Indies than with Central America (J. Ruiz & Fandiño, 2010; J. Ruiz, Fandiño, & Chazdon, 2005) .
The subregional patterns found in this study are consistent with the geological and biogeographical history of the West Indies. Much of the current Greater Antilles has been continuously above water since the Middle Eocene (Iturralde-Vinent & MacPhee, 1999) , and so is much older than the Lesser Antilles and the Bahamian Archipelago. , consistent with the climatic differences found there (Figure 3; Fig. S3 ).
West Indian SDTF tree species that characterize this subregion may be widely distributed but are not typical (indicators) of other subregions (Table 3 ), suggesting environmental sorting on the climatic gradient represented in our study (e.g. Table S3 ).
The high species turnover found in this study is driven by the many less common species that are important within and restricted to archipelagos or subregions. In contrast to broader scale Neotropical patterns (DRYFLOR et al., 2016) , however, some widespread species also are found frequently (in many sites) and across many archipelagos or groups in the West Indies. These widespread "generalist" species may be those that are best adapted to recover from hurricane disturbance by coppicing, withstand seasonal drought and/ or tolerate edaphic extremes (Murphy & Lugo, 1986; Rojas-Sandoval et al., 2014; Van Bloem, Murphy, & Lugo, 2003 (Bullock, Mooney, & Medina, 1995) . Human disturbance includes forest clearing (Chazdon, 2014) and selective tree removal (Murphy & Lugo, 1986 Steadman, 2006; Steadman et al., 2005) . In contrast with continental SDTF where wind dispersal of seeds is common (Bullock, 1995; Pennington, Prado, & Pendry, 2000) , bird dispersal dominates Caribbean SDTF (Ray & Brown, 1994) . Disturbance history is undoubtedly an important factor affecting site composition in our study but knowledge of the disturbance history of sites included in our study was very uneven among datasets and therefore, we could not directly analyse disturbance as factor. We did identify some West Indian SDTF tree communities that were dominated by non-native and invasive species (see also Franklin et al., 2015) .
Low similarity and high turnover across space in this study suggest that conservation areas should range across West Indian countries and subregions in order to protect SDTF diversity (DRYFLOR et al., 2016) . Our study provides unprecedented detail on the bio- 
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